We have investigated the mechanisms involved in the early-to-late RNA-processing switch which regulates the mRNA species generated from the adenovirus major late transcription unit (MLTU). In particular, polyadenylation choice mechanisms were characterized by using a reconstructed adenovirus ElA gene as a site for insertion of MLTU poly(A) regulation signals (Li and L3 (12, 34, 45, 47) . Because of this diversity, they are capable of producing a variety of gene products depending on the final processing choices. These processing choices can be regulated by tissue-specific (3, 4, 31), developmental (2, 6), or temporal (44, 50) means. The molecular mechanisms involved in selecting splice sites and polyadenylation sites have been technically difficult to study and remain largely undefined.
Regulation of mRNA biosynthesis is a complex and poorly understood event in eucaryotic cells. Transcription initiation, RNA elongation, RNA processing, and transcription termination are nuclear events leading to the synthesis of mRNA (18) . Following processing, the mRNA is transported from the nucleus to the cytoplasm, where translation occurs. Within the cytoplasm, mRNA turnover (half-life) is an additional type of posttranscriptional regulation which influences the mRNA population of each cell (18) . Complex transcription units are distinguished from simple transcription units by the RNA processing alternatives available in splice donor sites, splice acceptor sites, and polyadenylation sites (12, 34, 45, 47) . Because of this diversity, they are capable of producing a variety of gene products depending on the final processing choices. These processing choices can be regulated by tissue-specific (3, 4, 31) , developmental (2, 6) , or temporal (44, 50) means. The molecular mechanisms involved in selecting splice sites and polyadenylation sites have been technically difficult to study and remain largely undefined.
Two cellular transcription units, the calcitonin-calcitonin gene-related peptide tissue-specific transcription unit and the developmentally controlled immunoglobulin M (IgM) heavy-chain ,u-s (secreted) and p>-m (membrane-associated) mRNAs, have been used as models to characterize processing control mechanisms (3, 4, 17, 21, 33, 40, 48) . In both of these transcription units the processing choice actually involves two choices, a polyadenylation site choice and a splice acceptor choice. Regulation of mRNA processing requires a cis linkage of processing elements and an appropriate cellular environment; this implies a coupling of processing reactions to cis RNA structure and/or coupling to transcription complexes. For the IgM processing switch, transcription termination is occurring in a tissue-specific manner (21, 40) , which has a direct effect on the use of * Corresponding author.
downstream polyadenylation sites. It has also been shown that the length of spacing between recognition elements can influence their use (21, 48) . In the heavy-chain IgM studies it is still not known whether poly(A) site choice or splicing is acting as the major regulating force. Control of the calcitonin-calcitonin gene-related peptide processing choice is interpreted as being directed more by splice commitment than by poly(A) site choice (33) . Regardless of which choice is considered the primary mode of regulation, the processing elements can function in both of these systems independently. A choice between potential processing sites is made only when the elements are coupled in a cis orientation.
Another example of a regulated complex transcription unit is the adenovirus major late transcription unit (MLTU), where a temporal switch in processing affects the mRNA population (1, 46, 50) . This transcription unit dominates a late adenovirus infection, producing as much as 10% of total steady-state poly(A)+ mRNA, which codes for the bulk of viral structural proteins (38) . The MLTU contains five mRNA families distinguished by their polyadenylation elements (Li to L5), all of which are used in the late viral infection (20, 46, 50) . Each family is then subdivided into three to seven different mRNA species on the basis of alternative use of multiple splice acceptor sites (7, 14, 15, 46) . The MLTU is also expressed in an early infection before DNA replication has occurred. The diversity of MLTU mRNAs produced in the early infection is greatly reduced, with only the first (L1) of the poly(A) families being substantially represented (46, 50) . Development of an understanding of the regulatory mechanisms controlling the temporal earlyto-late switch in RNA processing should provide insight into similar types of RNA processing control acting on cellular genes. We have taken advantage of the viral system to ask some basic questions about the mechanisms involved in poly(A) choice.
In the work described in this report we have used the adenovirus ElA transcription unit to examine in a simple and stepwise fashion the elements contributing to the regu- (23) were used for all virus constructions and propagation of virus stocks. They were maintained in Eagle medium containing 10% fetal bovine serum. Both 293 and HeLa Spinner cells were used in experimental studies and were maintained in Joklik modified Spinner media plus 5% fetal bovine serum. The virus was purified as previously described (43) .
Plasmid and virus constructions. The parent plasmid, dIpMLP6, was constructed by deleting adenovirus sequences from positions 1571 to 2045 present in pMLP6 (29, 36) . Polyadenylation elements were taken from existing adenovirus type 2 genomic subclones (46 40 ,uCi/nmol (750 ,uCi/ml). Transcription elongation was done for 10 min at 30°C and was followed by DNase I digestion and hot-phenol extraction (43, 49) . RNA was then purified by 2 M LiCl precipitation. Processing of RNA for hybridization included alkali cleavage (with 0.1 M NaOH for 10 min), N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES) neutralization, and hybridization to DNA dots in 2x TESS (18, 30, 46) . In vivo labeling required 2 x 108 293 cells infected as above and concentrated to 107 cells/ml in the presence of 200 ,uCi of [3H]uridine per ml for 15 min at 37°C. Total RNA was purified as described above. Poly(A)+ RNA was isolated by passage over oligo(dT)-cellulose and eluted as described previously (39) .
Northern (RNA) blot, S1 and T1-S1 analysis of RNA or RNA-DNA duplex. Oligo(dT)-cellulose-selected poly(A)+ RNA was loaded onto a 50-mM borate-3% formaldehyde-1.4% agarose gel and, following electrophoresis, transferred to nitrocellulose and probed with nick-translated DNA probes. S1 endonuclease analysis of mRNA was performed as follows. An XbaI digest of dlpMLP6-L13 released the 1,152-bp L13 insert, which was purified in a low-melting-temperature agarose gel. The Klenow fragment of DNA polymerase I was used to fill in the 3' end of each strand in the presence of [32P]dCTP, and the 3' end of the L3 termini was then removed by Sau3A digestion. The DNA fragment was then phenol extracted and ethanol precipitated. The labeled fragment was hybridized to 2 jig of poly(A)+ RNA at 55°C in 80% formamide-20 mM piperazine-N-N'-bis(2-ethanesulfonic acid) (PIPES)-0.4 M NaCl-1 mM EDTA for 3 h. Samples were immediately diluted with buffer containing 50 mM sodium acetate (pH 4.5), 200 mM NaCl, and S1 endonuclease at 100 U/ml (Boehringer Mannheim Biochemicals). Following digestion at 37°C for 30 min, samples were phenol extracted, ethanol precipitated, and loaded onto a denaturing formaldehyde gel as described above.
For the T1-S1 nuclease experiment (54) (12, 13, 40) indicates equimolar transcription across the entire MLTU unit in the late adenovirus infection, but early, transcription begins to decline 3' to the Li poly(A) site and rapidly declines 3' to the L3 site with no transcription proceeding into the L4 coding region. (C) Diagram of plasmids used to construct poly(A) virus constructs. Parental sub-360 contains wt ElA and EiB sequences, differing from wt adenovirus by substitution of the MLTCR upstream of the EiA cap site. In 1200, sequences containing the ElA polyadenylation site and the EiB promoter (nucleotides 1571 to 2045) were deleted. The Li, L3, or L13 fragments isolated from genomic subclones were inserted at the XbaI site (nucleotide 1366) by blunt-end ligation (Li and L3) or with XbaI linkers (L13). Genomic subclones lAi, 1A2, 1A3, lBi, 1B2, 1B3, and iB4 used as probes were constructed into plasmid vectors as described previously (19) . ElA splice products (9S, 12S, and 13S mRNAs) represent wt ElA, and 13S and 22S represent the major EiB mRNA products. m.u., Map units.
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without intensifying screens. After fluorography the dried gels were peeled from the support paper, treated with 0.5 M NaOH-1.5 M NaCl, and neutralized with 0.5 M Tris-1.5 M NaCl. These slightly hydrated gels were hybridized to nicktranslated L13 DNA probe for 15 h and then washed and dried. They were then exposed to film in the presence of a Du Pont Cronex Lightning-Plus intensifying screen. RESULTS Characterization of steady-state mRNA production from ElA poly(A) constructs. In an early adenovirus infection, the MLTU expresses mRNA products derived predominantly from the Li family, whereas in a late adenovirus infection, all five poly(A) recognition sites are used (46, 50) (Fig. 1A) . Our approach to characterizing how this processing switch is effected has been to construct an artificial and simplified MLTU at the ElA locus. In the ElA poly(A) constructs (Fig. 1C) , we placed the Li, L3, or tandemly arranged L13 polyadenylation elements into the ElA second exon present within the dlpMLP6 plasmid (the plasmid counterpart to the 1200 virus [ Fig. 1C ]) where the ElA polyadenylation site and the E1B promoter were removed. By using homologous recombination, these plasmids were then built into viable adenovirus constructs which carry our altered ElA sequences.
The use of the ElA poly(A) viruses allows us to ask whether under similar nuclear conditions we can detect sequence specificity in the mechanism associated with the restricted use of the Li poly(A) site. With the 1200 poly(A) viruses and the wild-type (wt) sub-360 virus as a control, HeLa cells were infected for 4 h, and poly(A)+ mRNA was isolated by oligo(dT) selection. The mRNA was applied to a formaldehyde-agarose gel and probed with a nick-translated 5' (lA1) DNA When measured in a late infection, the poly(A) site utilization occurring in the third viral construct, 1200-L13, gave fic poly(A) site of a result which is difficult to interpret. The (Fig. 2C, lanes 11 and 12, respectively) . The (Fig. 3, indicates that four major species are produced in the late infection (corresponding to ElAL13, ElAL1, wt Li, and wt L3) and one major species is present in the poly(A)-fraction. The nonadenylated duplex corresponds to RNA generated from transcripts which read through the wt Li and L3 regions but have not yet been processed. From this analysis we get a clear sense of the wt MLTU switch. We see that the ratio of Li to L3 has now shifted to a point at which L3 is actually present at two-to threefold higher concentrations than Li. A similar shift can be detected in the ElALlto-ElAL13 ratio, which, although not at quite the level of the wt Ll-to-L3 ratio, is very close to equimolar. The (Fig. 1C) . In the nuclear runon assays, transcription termination was measured by comparing the amount of nascently labeled RNA hybridizing to the genomic subclones which are located 5' and 3' to the poly(A) element. Because the 1A3 sequence is partially deleted in the 1200 virus, we are comparing 1A2 and lBi genomic subclones (Fig. 1C) by using sub-360 and 1200 as control measurements. When this assay was used with wt sub-360 virus, expression through the ElA and ElB sequences was equimolar with that of the wt sub-360 virus ( Fig. 4A and B) . Expression of the El region in HeLa cells infected for 4 h with the 1200 parental virus resulted in comparatively weak expression throughout the entire El region. This is expected since 1200 lacks both the ElA polyadenylation sequence and the ElB promoter; therefore, the trans-activating ElA polypeptide is weakly expressed (8, 28, 44 (16, 53) . The activation of these promoters is directly associated with a cis-mediated regulation which is dependent on DNA replication.
One of our reasons for using the adenovirus model to study in vivo processing events lies in the infectious nature of the virus particle. By varying the multiplicity of infection we can quantitatively titrate the number of templates which are introduced into a given cell population. In addition, virus superinfection experiments can be carried out which allow introduction of phenotypically distinct viruses into cells which have been previously infected with wt virus. The DNA probe (P) and expected RNA protection products were described in the legend to Fig. 2 . nts, Nucleotides.
mediate the early-to-late processing switch, they should freely interact with the transcript produced from superinfecting virus. A superinfecting 1200-L13 virus would then have an unrestricted processing phenotype, which is capable of using both Li and L3 polyadenylation sites.
Such a superinfection experiment was carried out by using the parent sub-360 virus and the 1200-L13 virus. As control experiments we carried out an early and a late coinfection of these viruses to demonstrate the proportion of ElAL13 poly(A) site utilization in the presence of wt sub-360 virus (Fig. 5) . The wt sub-360 virus produced levels of ElA mRNA in an early infection or in the early coinfection which represented normal levels for an early virus infection (Fig.  5A, lanes 2 and 3) . When the sub-360 ElA mRNA was assayed in the superinfection or late coinfection, levels were present which were elevated as a result of enhancement by the MLTCR. Since both of these infections showed comparable levels of wt ElA, we conclude they were at the same stage of a late infection (Fig. 3A, lanes 4 and 5) . The mRNA from superinfecting virus 1200-L13 added to a 12-h infection of sub-360 and allowed an additional 4-h incubation was compared with the mRNA from an early or late coinfection by an endonuclease Si assay (Fig. 5B, lanes 6 to 8) . The processing phenotype of 1200-L13 was the same in the superinfection as it was in the early coinfection in which poly(A) site usage was restricted to the first polyadenylation signal Li (Fig. 5B, compare lanes 6 and 7) . From this result, we conclude that the nuclear milieu created by a late sub-360 virus infection does not contribute or remove factors which act in trans on the pre-RNA to mediate the RNA-processing switch. This implies a cis-mediated mechanism of poly(A) choice in the early-to-late processing transition. A second superinfection was done with d1309 as the primary infecting virus followed by 1200-L13 superinfection; this was compared with a late d1309 and 1200-L13 coinfection and ana- lyzed by probing a Northern blot with an ElA-specific nick-translated probe. The d1309 wt ElA mRNAs were not expressed in appreciable quantities in a late infection, allowing clear visualization of the restricted use of the Li polyadenylation site in the superinfection when compared with the late coinfection in which both the Li and L3 polyadenylation sites were utilized (Fig. 6, compare lanes 1 and 2) .
cis-Regulatory mechanisms have been previously implicated in the early-to-late switch at the level of transcription control and splicing controls of E1B mRNA synthesis (16, 53) . These general control mechanisms might be responsible at least in part for the poly(A) processing switch we have identified in this work.
DISCUSSION
In eucaryotes, there are several levels of regulation which can influence the mRNA population of the cell. In this report we are interested in the molecular mechanisms involved in one of those steps, poly(A) site choice in complex transcription units. We have constructed several recombinant adenoviruses to create a simplified experimental model. The model involves the use of the promoter element (MLTCR) of the complex MLTU and the normal ElA splicing elements (a single splice acceptor site which can accept one of three splice donors). Inserted within exon 2 of the ElA transcription unit are DNA elements containing poly(A) sites separated from splice acceptor elements. We are simply addressing the issue of sequence specificity and poly(A) site choice. The conclusions we draw from this study are that a firstcome first-served mechanism primarily determines poly(A) choice and that overriding this mechanism in the late adenovirus infection requires at the very least a cis interaction and is not simply the result of an altered population of trans-acting processing factors.
In the ElA constructs, any polyadenylation signal can function in both an early or late infection in this transcription unit; therefore, sequence specificity is not the factor determining poly(A) site usage as long as that poly(A) site is the first one generated in a given transcript. This observation is true with adenovirus polyadenylation sequences, for cellular sequences such as the globin poly(A) site (19) or the simian virus 40 T-antigen poly(A) site (9, 10 To demonstrate the presence of such a trans-acting factor, we carried out the experiment in which the 1200-L13 virus was superinfected over a wt late infection (with sub-360 virus). If a late infection produces or eliminates a factor required in trans, it should act equally well on both superinfecting and primary infecting viral transcripts. The result of this experiment indicates that the superinfecting virus processes the ElAL13 transcript as if it were an early infection, producing predominantly the ElALl poly(A)+ mRNA. Altered processing factors present in a late infection cannot mediate an effect in a simple trans fashion. This does not mean that altered factors are not a part of the processing switch, but it does mean that they are not able to interact with the superinfecting virus transcript directly. Instead, there is a requirement for some undefined modification before the switch can occur. Previous experiments characterizing cis regulation of late adenovirus transcripts have noted promoters that require a cis modification and also the possibility that cis mechanisms are involved in processing controls (16, 22, 41, 53) . In those studies, DNA replication was required for the late switch to take place. Our observations suggest a definite cis effect on processing at the level of poly(A) choice. Although it is relatively simple to appreciate how cis mechanisms can affect transcription control in which the interaction of transcription factors can influence promoter utilization, the way in which cis interactions influence processing choices is a more abstract concept, especially since it is well established that an RNA substrate and appropriate processing complexes are all that is required for polyadenylation or splicing to take place in vitro (47) .
Although cis-processing control is difficult to envision, there is some precedent. One cis interaction which is independent of DNA sequence is the requirement of transcription by RNA polymerase II in executing processing in vivo. This requirement is still under considerable debate (35, 51, 52) , but in all cases it appears that normal high-efficiency processing occurs only in the presence of RNA polymerase II (and the 5' cap structure which is characteristic of RNA polymerase II transcripts). It has also been shown, for the Ul and U2 small nuclear RNAs, that appropriate 3'-end processing requires an appropriate 3' processing box and the presence of the compatible small nuclear RNA promoter and enhancer element, implying that a specific transcription complex is established by the promoter which dictates processing activities (25, 42) . Other candidates for cisprocessing control include site-specific protein DNA interactions which inhibit or allow utilization of downstream polyadenylation elements; altered promoter loading which affects the RNA polymerase II interaction with a given poly(A) signal sequence; or an altered transcription complex which has lost the ability to respond to the first-come first-served control mechanism, yet can still transcribe unimpeded through considerable amounts of DNA sequence (11, 25, 32, 55) . Since the termination of transcription complexes has been associated with the recognition of the AATAAA polyadenylation signal sequence (36) , the inability to recognize and act on the first polyadenylation sequence present within a given transcript could be mediated through an antipolyadenylation function of the elongating transcrip- 
